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Expression of the Orphan Protein Plet-1 during
Trichilemmal Differentiation of Anagen Hair Follicles
Karine Raymond1,4, Anja Richter1, Maaike Kreft1, Evelyne Frijns1, Hans Janssen1, Monique Slijper2,
Silke Praetzel-Wunder3, Lutz Langbein3 and Arnoud Sonnenberg1
The rat mAb 33A10 recognizes an antigen in a variety of mouse epithelial tissues. In this study, we investigated in
detail the expression pattern of the 33A10-defined antigen in the hair follicle. We show that 33A10 reactivity is
confined to the most differentiated keratinocytes of the outer root sheath (ORS), the companion layer (CL), and
to cells of the sebaceous gland duct. In vitro, the 33A10-defined antigen is expressed in keratinocytes derived
from the ORS and accumulates on induction of differentiation. Using microarray analysis and transient
transfection approaches, we established that the 33A10-defined antigen is the orphan protein, Placenta-
expressed transcript (Plet)-1. Biochemical data indicated that Plet-1 is a glycosylphosphatidylinositol-anchored
glycoprotein with N-linked carbohydrates in addition to other posttranslational modifications. Although
silencing of Plet-1 expression using stable RNA interference in ORS keratinocytes decreased cellular migration,
it increased adhesion to collagens I and IV. Immunohistochemical analysis showed that Plet-1 was primarily
localized at the leading edge of epidermal wounds, where keratinocytes contacted the eschar. The restricted
localization in both differentiated ORS and CL cells contacting the hair fiber and epidermal wounds suggests a
role for the Plet-1 protein in regulating the interaction of keratinocytes with inert tissues.
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INTRODUCTION
The hair follicle (HF) is an appendage of the mammalian
epidermis that owes its structural complexity to the keratino-
cytes in it, each undergoing a specific differentiation program
that enables compartmentalization. The infundibulum, which
extends from an ostium at the surface of the skin to the site
where the duct of the sebaceous gland (SG) enters the follicle,
is continuous with the interfollicular epidermis (IFE) and
undergoes a somewhat similar way of differentiation. Below
the infundibulum, the isthmus extends to the attachment site
of the erector pili muscle. Keratinocytes within the isthmus
undergo a type of differentiation, known as trichilemmal
keratinization, which leads to the formation of a prominent
layer of corneocytes without the formation of a granular layer
(Pinkus et al., 1981; Stenn and Paus, 2001). Beneath this area,
basal (external) keratinocytes of the outer root sheath (ORS)
attach to a basal lamina, known as the glassy membrane, and
differentiate into suprabasal (inner) ORS layers. The lower-
most bulbar region of the HF marks the location of the
germinative cells that selectively differentiate into 6–7 further
compartments that collectively produce the hair-forming
compartment: a companion layer (CL), the inner root sheath
(IRS), Henle and Huxley layers and the IRS cuticle, and the
hair shaft cuticle, cortex and, if present, the medulla
(Panteleyev et al., 2001; Stenn and Paus, 2001; Langbein
and Schweizer, 2005; Langbein et al., 2010).
The HF is a highly regenerative system. During the HF growth
phase (anagen), the basal cells of the ORS divide and replenish
the layer, whereas the innermost cells migrate in a distal
direction and ultimately slough off into the pilary canal. At this
stage, the IRS is already being broken down: first the Henle layer,
followed by the Huxley layer, and then the IRS cuticle. The last
cell layer to break down in the isthmus is the CL, which allows
direct contact between the hair cuticle and the ORS, where
trichilemmal keratinization starts. This creates an adherence site
at the periphery of the lower keratinizing shaft, thereby providing
the shaft with an anchor (Stenn and Paus, 2001).
The regenerative properties of the epidermis and its
appendages are dependent on stem cells (SCs) that reside in
a permanent niche known as the HF bulge, a structure
located in the ORS of the lower isthmus (Cotsarelis et al.,
1990). These SCs, in addition to sustaining regeneration of
hair during the anagen cycle, can also differentiate into IFE or
SG lineages (Ito et al., 2005; Levy et al., 2005). Several other
putative progenitor keratinocyte populations have recently
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been described in the HF, indicating that HF structural
complexity is most likely maintained by multiple classes of
progenitor cells (reviewed by Yan and Owens, 2008).
The environmental cues required to maintain SCs or commit
them to a specific state of differentiation are still mainly
unknown.
We have previously generated and selected the rat mAb
33A10 on the basis of its reaction pattern in the developing
mouse mammary gland (Sonnenberg et al., 1986). 33A10
reactivity was also identified in the bronchioles of the lung,
the salivary glands, and the skin (Sonnenberg et al., 1986;
Durban et al., 1994). In this study, we provide a detailed
analysis of the 33A10 reaction pattern in the HF, at light
microscopic and ultrastructural levels. We report that 33A10
reactivity is confined to the membrane of the most
differentiated ORS cells and to the terminally differentiated
CL cells of the isthmus region, which contact the cuticle.
Moreover, the 33A10-defined antigen was shown to accu-
mulate during ORS cell differentiation in culture, suggesting
that the protein recognized by 33A10 is expressed during
trichilemmal differentiation. Expression profiling of several
cell lines and transient transfection experiments revealed that
the antigen recognized by 33A10 is identical to the orphan
protein, Placenta-expressed transcript (Plet)-1. It was con-
firmed that the staining pattern of 33A10 in adult mouse
tissue is identical to that of MTS24, a known Plet-1 antibody.
Further characterization of Plet-1 showed it to be a glyco-
sylphosphatidylinositol (GPI)-anchored glycoprotein with
N-linked carbohydrates. Knockdown of Plet-1 protein levels
in ORS keratinocytes decreased migration in a wound-scratch
assay, whereas it increased adhesion to Collagens I and IV.
Interestingly, expression of Plet-1 during wound healing was
induced at the leading edge of migrating keratinocytes that
were in proximity to the eschar, suggesting that Plet-1
function may contribute to keratinocyte interactions with
inert tissues.
RESULTS
Reactivity of 33A10 is restricted to the upper portion of the
adult mouse hair follicle
A preliminary screen performed with tissues from adult mice
showed that the mAb 33A10, generated against mouse
mammary tumor cells, reacted not only with luminal cells
of the normal mammary and salivary glands but also strongly
with keratinocytes restricted to a specific area of the HF
(Sonnenberg et al., 1986; Durban et al., 1994). To further
study the characteristic pattern of 33A10 reactivity in the HF,
we performed fluorescence confocal microscopy on cryosec-
tions of adult mice. Analysis of numerous sections of mouse
skin collected from snout, back, and ears revealed that mAb
33A10 did not react with interfollicular keratinocytes of the
epidermis (Figure 1). However, restricted expression of the
33A10-defined antigen was detected in the upper portion of
the HF from all types of skin investigated. Staining was
regularly observed in the inner cell layers of the infundibulum
near the SG duct at its distal end extending to the proximally
located bulge region (Figures 1 and 2a). Some membranous
material, occasionally attached to the hair fiber, was also
found to react and was predicted to originate from terminally
differentiated, shed cells (see below).
33A10-defined antigen is expressed in the isthmus zone of the HF
To more precisely define the distal and proximal limits of
reactivity and the specific HF compartments that reacted with
the 33A10 mAb, we performed double-labeling experiments
with a panel of antibodies against keratins (K). The keratins
selected have defined areas of expression within the HF,
namely in the upper IFE (K10), the ORS (K14), the CL (K75),
and the IRS (K71), respectively (Figure 2). K14 and 33A10
labeling revealed that the expression of the 33A10-defined
antigen is restricted to K14-positive suprabasal cells in the
ORS (Figure 2a and b). 33A10 immunoreactivity was
confined to the region around the opening of the SG duct
(Figure 2b and c). This aspect was most clearly seen in a
horizontal section (Figure 2d). Further immunofluorescence
analysis of the tissues revealed that the basal and lower
suprabasal layers of the ORS as well as the basal layer of IFE,
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Figure 1. Pattern of mAb 33A10 reactivity in mouse adult epidermis. Skin
cryosections from the ear (a, b) and the muzzle (c) of adult mice stained with
H&E to show the morphology (a) and stained with 33A10 alone (b) or in
combination with K5 (c). Note that the mAb 33A10 did not react with IFE,
whereas its reactivity in the HF was restricted to a portion of the upper part of
the follicle, just below the sebaceous gland. Antibodies are color-coded and
nuclei are counterstained with TOPRO3 in blue. Arrowheads indicate 33A10
reactive material attached to the dead hair fiber. Bu, bulge; H&E, hematoxylin
and eosin; HF, hair follicle; IFE, interfollicular epidermis; inf, infundibulum;
ist, isthmus; ORS, outer root sheath; sg, sebaceous gland. Bars: 50mm (a–c).
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whose basal cells are K14 positive (Figure 2b), were all
negative for the 33A10-defined antigen.
To clearly define the distal end of reactivity with 33A10 in
the HF, we performed double-labeling immunofluorescence
with an antibody generated against K10, a marker of
squamous epithelial differentiation. K10 was indeed present
in the suprabasal layers of the IFE but expression was
diminished at the lower limits of the infundibulum (Figure 2e
and f). Precisely in this area, 33A10 expression was
detected, labeling the transition from the infundibulum to
the narrow isthmus zone. 33A10-defined antigen and K10
colocalization was observed only for a few cells in the HF
(Figure 2e and f).
Problems of discrimination between the terminally differ-
entiated upper end of the CL and the inner ORS were
overcome by the use of an antibody against K75, a known
marker of the CL (Winter et al., 1998; for review, see
Langbein and Schweizer, 2005). Anti-K75 antibody was
shown to react with the complete CL, but not with the ORS or
the IRS. Colocalization of 33A10- and K75-positive cells was
observed only in the upper distal end of the CL, where the
keratinocytes are terminally differentiated (Figure 2g). This
was confirmed in additional cross-sections (Figure 2g, left
insert). Expression of the 33A10-defined antigen was detected
in the adjacent ORS, before it was observed in the CL (Figure
2g, right insert). As seen in an HF of the human beard skin,
this area of the CL corresponds to the region where the
terminally differentiated cells are shed into the cleft between
the hair fiber and the terminal part of the ORS (Figure 2h–j). In
addition, the 33A10-defined antigen was not colocalized
with any of the IRS keratins K25, K26, K27, K28, or K71 (data
not shown). Incubation of the 33A10 antibody together with
an antibody against the tight junction (TJ)-associated protein
cingulin showed that an intact TJ barrier exists at the
innermost terminally differentiated 33A10-positive ORS,
continuing a barrier from the lower part of the follicle to
the epidermis (Figure 2k–m).
The results of immunofluorescence were confirmed by
immune-electron microscopy using the 33A10 antibody
alone or in combination with K75 and a secondary gold-
labeled conjugate. No labeling of the 33A10-defined antigen
was observed in the different layers of the IRS, whereas in the
ORS and CL the reactivity was restricted to the terminally
differentiated cells (Figure 3). The cleft between hair, CL, and
the terminal ORS, formed at a later stage, must be tightened
by the formation of numerous TJs at which the typical
‘‘kissing points’’ can be seen (Langbein et al., 2002; Figure
3c). The distribution pattern of the antigen recognized by
33A10 in the HF is summarized in Figure 4.
33A10 reactivity is not changed during the postnatal
HF cycle in mice
To investigate whether the expression of the 33A10-defined
antigen is dynamically regulated during the postnatal hair
cycle, we performed double-labeling confocal microscopy
with 33A10 in combination with different keratins, using
whole mounts from tails of adult mice, as developed by
Braun et al. (2003). As previously described, HFs of the
mouse tail are arranged in parallel rows, the follicles being
grouped in triplets, with the middle HF cycling ahead of the
flanking ones (Schweizer and Marks, 1977a, b). We showed
that 33A10 reactivity takes place at the distal end of the
follicle where the duct of the SG enters the upper limit of the
isthmus. Recognition of the antigen by 33A10 was indepen-
dent of HF growth stage, and did not (with some marginal
exceptions) overlap with the staining of K5 (a typical keratin
of basal IFE keratinocytes and ORS), K17 (a typical keratin of
inner suprabasal ORS; Panteleyev et al., 1997), and K10
(a typical keratin of suprabasal IFE keratinocytes) (Figure 5a–c
and e–g). During both the early and late anagen phases,
33A10 reactivity was also observed at the lower HF just
above the area where K15, a well-described marker for the
putative bulge SCs, was located (Figure 5d and h; Lyle et al.,
1998; Morris et al., 2004). These data indicate that the pattern
of expression of 33A10 is more or less similar in all stages of
the HF cycle and is restricted to the most differentiated,
innermost one or two layers of the ORS (and the directly
adjacent uppermost CL), which again indicates that the
expression of the 33A10-defined antigen is associated with
trichilemmal keratinization.
Figure 2. Localization of 33A10 reactivity compared with that of cell lineage markers in the HF. Skin cryosections of either mouse snout skin (a–g, k–m) or
human beard follicle (h–j) were incubated with mAb 33A10 (a–g, k–m) and antibodies against keratins K14 (b–d, h–j), K75 (g–j), K10 (e, f), or cingulin (k–m).
(a, b) Morphology is shown by the overlaid DIC image (a); a consecutive section is shown in (b). The basal (triangle) and suprabasal (open triangle) interfollicular
epidermis (IFE) as well as the hair fiber (white arrow) and inner root sheath (IRS; white open arrow) do not react with 33A10, the reactivity being confined to the
HF infundibular (inf, double arrow) and trichilemmal zone. Bound 33A10 is detectable at the cell margin (inset in b, red staining only) of the most differentiated
(innermost) suprabasal layer(s) of the K14-positive outer root sheath (ORS; green arrow) and in the opening of the duct of the sebaceous gland (sgd). (c, d) In
sebaceous glands (sg), the 33A10 reactivity is concentrated at the opening region (‘‘funnel’’) of the duct (colocalization with K14, sgd) surrounded by the
otherwise exclusively K14-positive sebaceous gland and ORS. (e, f) At the distal end of the follicle, the expression of 33A10 is confined to the suprabasal layers
at the transition between the epidermal infundibulum (inf, white brackets) and the follicular ORS (yellow triangles). Sometimes, coexpression of the 33A10-
defined antigen and K10 is observed in certain areas (yellow bracket). (g) 33A10 and K75 signals are colocalized in the terminally differentiated upper part of the
companion layer (Cl). (Left inset) Transition zone where 33A10/K75þ lower companion layer merges into the 33A10þ /K75þ upper part. (Right inset) The
expression of the 33A10-defined antigen in the innermost ORS precedes that in the companion layer. Dotted line, orientation of epidermal basal membrane.
(h–j) The exclusive expression of K14 in the ORS and of K75 in the companion layer over the entire length of the follicle is best seen in the large human beard
follicles. Similar to the IRS, the companion layer is terminally differentiated and shed into the follicular cleft. Triangle: upper limit of the IRS; open triangle:
orifice of the sebaceous gland. (i) Lower bulb region; (j) mid follicle region. (k–m) Labeling with cingulin shows that an intact tight junction barrier also exists at
the innermost terminally differentiated, 33A10-positive ORS (triangle), thus continuing a barrier from the depth of the follicle to the upper epidermis (open
triangle). Cl, companion layer; HF, hair follicle; s-Cl, shed Cl. Bars: 50 mm (a–m); 100 mm (inset in b).
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33A10-defined antigen accumulates at the apical membrane of
ORS keratinocytes during terminal differentiation in vitro
The molecule recognized by 33A10 is a cell-surface protein
expressed in the differentiated layers of the ORS. To
investigate whether its expression is retained in cell lines
derived from the ORS that were induced to differentiate, we
subjected cultured cells to immunofluorescent staining.
Immortalized K17-positive keratinocytes, isolated from the
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ORS (MK-K3 cells; Margadant et al., 2009), showed inter-
mediate to high levels of 33A10 reactivity. 33A10 reactivity
was negative on both fibroblasts (NIH3T3 and MEF) and
endothelial cells (Endo) (data not shown), consistent with
previous results in the dermis and the vascular system
(Sonnenberg et al., 1986). In addition, Ca2þ -induced terminal
differentiation of the ORS keratinocytes increased levels of
the 33A10-defined antigen in cells that became stratified
(Figure 6a) but failed to initiate expression of the squamous
differentiation marker K10 or the CL marker K75. In vitro
induction of the 33A10-defined antigen in K17-positive
keratinocytes closely shows the expression pattern observed
for terminally differentiated keratinocytes of the ORS in vivo,
lending further support to the assumption that expression of
this protein is restricted to trichilemmal keratinization.
To analyze precisely the location of the antigen recog-
nized by 33A10 at the ultrastructural level, we performed
immunoelectron microscopy studies on cultured MK-K3
cells. The reactivity of 33A10 clearly occurred on the apical
membrane, clustered mainly in planar regions of the plasma
membrane, at the base of microvilli (Figure 6b). This result
strongly supports that the protein recognized by mAb 33A10
is a membrane-associated cell-surface molecule, which is
expressed in the most differentiated layers of the ORS.
33A10-defined antigen is the orphan protein Plet-1
To identify the antigen recognized by 33A10, we performed a
microarray analysis of several keratinocyte cell lines that
express the 33A10-defined antigen at low (NMK-1, Rac-11P,
mTIC) or intermediate to high levels (MK-K3). In this analysis,
special attention was paid to the expression of Plet-1,
because the staining pattern of the MTS24 antibody, recently
shown to recognize the Plet-1 protein, showed some striking
similarities with that of the mAb 33A10 (Nijhof et al., 2006;
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Figure 3. Immunoelectron microscopic localization of the 33A10-defined antigen. Electron microscopic images of sections of HF incubated with the 33A10
mAb (a), the anti-K75 peptide alone (b), or a combination of anti-K75 and 33A10 (c; shown by triangles and open triangles). Inset in b shows a smaller
magnification of the different layers of the HF. Note that K75 is specific for the companion layer (Cl), which also reacts positively with 33A10 in its upper part.
He-, Henle; HF, hair follicle; Hu, Huxley layer; inf, infundibulum; IRS cuticle, inner root sheath cuticle; N, nucleus; ORS, outer root sheath; t-Cl, terminal-
companion layer; Tj, tight junction. Bars: 500 mm (a, b); 200mm (c).
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Depreter et al., 2008; see Supplementary Figure S1 online).
Indeed, the levels of Plet-1 transcripts, as determined by
microarray analysis, were higher in the MK-K3 cell line than
in the NMK-1, Rac-11P, and mTIC cell lines (data not shown).
To confirm Plet-1 recognition by 33A10, we transiently
transfected COS-7 cells with Plet-1 DNA and assessed
the immunoreactivity. Immunofluorescent staining and flow
cytometry analysis revealed positive 33A10 immunoreactiv-
ity in the transfected COS-7 cells (Figure 7a). Subsequent
immunoblot analyses of surface biotinylated proteins
precipitated from these cells using mAb 33A10 led to the
detection of a 50–75 kDa protein ‘‘smear’’ on SDS–PAGE
under both reducing and nonreducing conditions (Figure 7b
and c). The predicted molecular mass of Plet-1 is 23.2 kDa,
thus indicating that the smear may represent several
glycosylated forms of the protein. Plet-1 contains 11 potential
N-linked glycosylation sites and a stretch of threonines that
could serve as sites for O-glycosyl chains (Depreter et al.,
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Figure 4. Schematic representation of the HF compartment recognized by 33A10 mAb. (a) In the brilliant drawings (modified from Auber, 1956), Auber
precisely documented the terminal differentiation of the various follicle compartments such as the outermost terminal ORS (ot-ORS) and the terminal companion
layer (t-cl) and IRS (t-IRS). Red designations show the 33A10-positive compartments. The letters at the left side of the lower image indicate different trichilemmal
zones and are comparable to those zones in b (right side). (b) Summary scheme of expression of the 33A10-defined antigen (red checkered) at the trichilemmal
zone of the terminally differentiated outermost suprabasal ORS (o-usb), including that of the sebaceous gland (sg) duct (sgd) and t-cl. Dotted arrows indicate
direction of differentiation in the given compartment. The thick outer lines indicate the prominent tight junction barrier. Letters (right side in b) indicate different
trichilemmal zones. Stop arrows indicate the end of keratin K2 (formerly K2e) (h) and K10 (i) expression in the suprabasal epidermis at transition to the
infundibulum. Cl, companion layer; e-b, basal; e-sb, suprabasal; e-usb, ultrasuprabasal layer of epidermis; He, Henle; HF, hair follicle; Hu, Huxley layer; icu;
IRS cuticle; o-ba, basal; o-sb, suprabasal; o-usb, uppermost suprabasal layer of ORS.
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2008). Treatment of COS-7 cells, expressing hemagglutinin
(HA)-tagged Plet-1, with PNGase F reduced the apparent
molecular mass of Plet-1 to a smear of around 35–50 kDa,
indicating the presence of N-linked carbohydrates on Plet-1
(Figure 7d). The major signal of 75 kDa was particularly
decreased after PNGase F treatment to approximately
50 kDa, revealing a loss of about 25 kDa. This finding is
consistent with the removal of six N-linked carbohydrates
(about 3–4 kDa each). However, treatment with Sialidase A
(a6-2(3,6,8,9)-neuraminidase) and endo-O-glycosidase did
K14
K17
K10
K75 33A10
33A10
33A10
33A10 D D D Tj
Tj
Figure 6. Expression of the 33A10-defined antigen in an immortalized keratinocyte line. (a) Immunofluorescence analysis of the pattern of reactivity of 33A10
in immortalized MK-K3 keratinocytes induced to terminally differentiate revealed accumulation of the corresponding antigen in the most differentiated cells that
have lost the basal keratins K14 and K17. Consistent with MK-K3 cells being ORS cells, differentiation never lead to induction of K10 or K75 expression.
(b) Immunoelectron microscopic localization of the 33A10-defined antigen at the plasma membrane of MK-K3 cells. Arrows indicate clusters of colloidal gold
particles associated with planar regions, whereas arrowheads show clusters of colloidal gold particles at the base at microvilli. ORS, outer root sheath. Bars:
25mm (a); 200 nm (b).
33
A1
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Figure 5. Localization of 33A10 reactivity during HF cycle. Whole mounts of tail epidermis from adult mice were co-incubated with mAb 33A10 and
antibodies against K5 (a, e), K17 (b, f), K10 (c, g), or K15 (d, h). HF in early (a–d) and late anagen (e–h) are shown. Arrows indicate the entrance of the SG duct.
There was variation in the overall intensity of staining that did not clearly reflect the stages of differentiation of the HF but rather the staining efficiency and
penetration of the antibody. Antibodies are color-coded and nuclei are counterstained with TOPRO3 in blue. Bars: 50mm (a–d); 100 mm (e–h). HF, hair follicle;
SG, sebaceous gland.
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not alter the apparent molecular mass of Plet-1, indicating
that this protein was not modified by O-linked oligosacchar-
ides that are sensitive to these treatments (Figure 7d). Similar
results were obtained with endogenous Plet-1 isolated from
biotinylated MK-K3 cells (Figure 7e). As none of the
treatments used here resulted in the detection of the predicted
23.2 kDa band, it must be assumed that additional post-
translational modifications exist on Plet-1. O-Glycosylations
insensitive to Sialidase A and endo-O-glycosidase treatments
could be considered potential candidates.
Bioinformatic analyses predicted Plet-1 to be a GPI-
anchored protein (Depreter et al., 2008). To test this
hypothesis, we treated MK-K3 cells with phosphatidylinositol-
specific phospholipase-C (PLC), and Plet-1 expression on the
cell surface was assessed by flow cytometry. 33A10 labeling
indicated that Plet-1 expression was negative on PLC
treatment, confirming the bioinformatic predictions of Plet-1
to be a GPI-anchored protein (Figure 7f). Treatment with PLC
had no effect on the surface expression of the transmembrane
receptor, a6 integrin (Figure 7f). Together, our data indicate
that the mAb 33A10 recognizes the orphan receptor Plet-1, a
GPI-anchored protein modified by N-glycosylations.
Plet-1 knockdown decreases keratinocyte motility in vitro
To address the function of Plet-1 in the biology of
keratinocytes, we generated an MK-K3 cell population with
stable shRNA-mediated silencing of Plet-1. Expression of the
shRNA construct reduced Plet-1 levels by 50–60% at the cell
surface but did not alter expression levels of the integrin
subunits a2, a6, av, or b1 (Figure 8a and b; Supplementary
Figure S2). MK-K3 cells do not express the a1 and b3
subunits, and the levels of a5 subunit are low (Supplementary
Figure 2; data not shown). Downregulation of Plet-1
expression had no effect on cell proliferation (Figure 8c) or
starvation-induced apoptosis (measured in a propidium
iodide flow cytometric assay and by cleaved caspase-3
staining, data not shown). To determine whether depletion of
Plet-1 affected cell migration, we performed wound-scratch
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assays in complete medium containing EGF (Figure 8d). The
migration rate of Plet-1-depleted MK-K3 cells was slightly
reduced, resulting in a less efficient wound closure (Figure
8c). As Plet-1 may regulate migration by altering the adhesive
properties of cells to the extracellular matrix, we performed a
series of cell adhesion assays. Binding of MK-K3 and Plet-1-
depleted MK-K3 keratinocytes to collagen I, and the CB3
fragment (the major cell-binding site) of collagen IV, laminin-
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111, and fibronectin was tested. Efficient and reproducible
adhesion of both the parental and the knockdown cell lines
was observed only in collagens I and IV. This measured
adhesion appeared to be increased for Plet-1-depleted MK-K3
keratinocytes compared with that of wild-type MK-K3
keratinocytes (Figure 8d). Next, we examined the distribution
of Plet-1 in full-thickness wounds inflicted on the back of
wild-type mice and excised 3 days after injury. Plet-1
appeared to be strongly expressed at the leading edge of
the wound, in the suprabasal keratinocytes that contact the
eschar (Figure 8e). Expression of Plet-1 was also observed in
keratinocytes that had interacted with components of the
provisional matrix, whereas it was absent from the rest of
the wound. In contrast, the a6 integrin was concentrated at
the membranes of migrating keratinocytes that were bound
to the substrate throughout the wound. These data suggest
that Plet-1 has an adhesion and motility-modulating function,
and may regulate the interaction of keratinocytes with the
eschar during wound healing.
DISCUSSION
The HF has attracted considerable interest from researchers
trying to understand how pluripotent cells, undergoing
differentiation, commit to certain cell lineages. The bulge of
the HF contains a reservoir of epidermal SCs with multipotent
capacities (Cotsarelis et al., 1990). These HF SCs not only
give rise to different HF cell lineages, but have also been
shown to differentiate into the IFE and sebocytes (Ito et al.,
2005; Levy et al., 2005). However, all the HF compartments
inside the ORS, the CL, the IRS compartments (the Henle and
Huxley layers, and the IRS cuticle), and the hair fiber cuticle
and cortex, originate from a germinative cell pool in the
lower hair bulb region (for a review, see Langbein and
Schweizer, 2005). In this study, we have described the
pattern of reactivity of the mAb 33A10 in the mouse HF and
have defined the corresponding antigen to be the orphan
receptor Plet-1. Plet-1 expression in the HF is restricted to the
differentiated layers of ORS cells in the upper isthmus (UI).
Plet-1 expression was also detected in the terminally
differentiated cells of the CL in the upper distal end of this
layer, where the cleft between hair, CL, and terminal ORS
must be tightened by an effective barrier. This barrier is built
up of respective terminal differentiation end structures and of
prominent TJ structures. Furthermore, Plet-1 was shown to
accumulate in stratifying ORS cells in vitro. Together, these
data suggest that Plet-1 is a product specific for keratinocytes
undergoing terminal trichilemmal differentiation in the HF
and is expressed at the plasma membranes.
Plet-1 is the cognate antigen for mAbs MTS20 and MTS24
(Depreter et al., 2008), which have previously been shown to
identify thymic epithelial progenitor cells (Bennett et al.,
2002; Gill et al., 2002). It has been proposed that Plet-1 also
identifies a new follicular progenitor cell population, outside
the bulge in the HF (Nijhof et al., 2006). This idea was
supported by the fact that Plet-1-positive keratinocytes are
highly clonogenic in vitro and express a selected set of genes
similar to that of the bulge-derived SCs. Interestingly, Jensen
et al. (2008) defined an ‘‘UI’’ population of cells, based on
low a6 integrin levels and the absence of CD34 and Sca-1
surface markers, that were highly clonogenic and had
multipotent regenerative capacities. The UI cells reside
within the zone of the HF that also contains the Plet-1-
positive cells, but because the gene expression profile of
these UI cells is different from that of the Plet-1-positive cells,
they are thought to represent a distinct cell population. Our
detailed analysis of the pattern of Plet-1 expression in the HF
is consistent with the notion that Plet-1-positive cells in the UI
region of the HF are not the undifferentiated multipotent SCs.
In fact, the finding that the expression of this antigen
increases with the degree of differentiation with the highest
level of expression in the innermost differentiated cells would
predict that Plet-1-positive ORS keratinocytes are committed
to trichilemmal differentiation and are therefore, unlike SCs
in the UI region of the HF, not capable of reconstituting a full
HF in an in vivo reconstitution assay. The multipotent SCs of
the UI reside most likely in the basal, not differentiated, layer
of the ORS.
In line with previous findings, we found that Plet-1 is
expressed by epithelial reticular cells in the thymus (Supple-
mentary Figure 1). As these cells, which are phenotypically
similar to epidermal keratinocytes, can generate a functional
thymus containing all epithelial cell subtypes on ectopic
transplantation, it has been speculated that the Plet-1-positive
cells in the thymus are resident stem/progenitor cells
(Gill et al., 2002). This finding seems in apparent contrast
to our observation that in the HF and in many other tissues,
the Plet-1 protein is particularly present in differentiated
epithelial cells. We do not have a good explanation for
this apparent discrepancy, except that its expression in
thymic epithelium might be related to the unique biological
function of these cells, i.e., the promotion of thymocyte
maturation.
Figure 8. Plet-1 knockdown decreases cell motility in vitro, but increases cell adhesion to collagens I and IV. (a) Flow cytometry analysis of Plet-1 and integrin
a6 subunit levels in MK-K3 (left panels) and Plet-1-depleted MK-K3 keratinocytes, stably transfected with Plet-1-targeted shRNA (right panels). (b) Confocal
images (maximal projections) showing reduced expression of Plet-1, but not of the integrin a6 subunit, in Plet-1-depleted MK-K3 cells. (c) Representative phase-
contrast images of migrating MK-K3 and Plet-1-depleted MK-K3 keratinocytes at 0, 10, and 20 hours on collagen I-coated surfaces, and quantification of the results
(MK-K3, black line; Plet-1-depleted MK-K3 keratinocytes, red line) from a representative wound healing assay (n¼ 8; three fields per condition). Error bars
indicate±SEM. Note that cell migration is slightly decreased after depletion of Plet-1. P-value at t¼20 hours (Mann–Whitney U-test) is 0.0005. Cell growth curves
show that the cell count is not significantly different in MK-K3 (black line) and Plet-1-depleted MK-K3 keratinocytes (red line). Values are the mean±SEM (n¼3).
(d) Adhesion of MK-K3- and Plet-1-depleted MK-K3 keratinocytes to substrates coated with different concentrations of collagen I or the CB3 fragment of collagen IV.
Error bars indicate standard deviations of triplicate determinations of a representative experiment, which was performed three times. Adhesion of MK-K3
keratinocytes is slightly increased after depletion of Plet-1. (e) Immunofluorescence analysis of sections of full-thickness wounds generated on the back of wild-type
mice and excised 3 days after injury, using mAb 33A10 in combination with antibodies against either nidogen, K14, or integrin a6A. Bars: 25mm (b); 200mm (f).
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In glandular tissues, such as the mammary and salivary
gland, Plet-1 is not only concentrated at the apical membrane
of the luminal epithelial cells, but is also found in luminal
secretions (Sonnenberg et al., 1986; Durban et al., 1994).
Similarly, Plet-1 has been found to be associated with hair
fiber (this study, Figure 1a and b). We assume that the protein
has been passively secreted in vesicles by the luminal cells.
Likewise, Plet-1 in these areas may also be part of remnants of
plasma membranes that have been shed as a result of cell
death at the end of the terminal differentiation process.
The distribution pattern of Plet-1 in the HF suggests that
Plet-1 has an important function in anchoring the hair shaft to
the follicle. Specifically, it may facilitate the attachment of
the ORS and CL to the dead hair fiber and alleviate shedding
of terminal cells during hair growth. In a similar way, Plet-1
may regulate the interaction of migrating keratinocytes with
the eschar in the wound bed. Furthermore, Plet-1 may control
the migration of leading keratinocytes over a provisional
matrix during a wound-healing response. In support of such a
role, reduction of the expression of Plet-1 in MK-K3
keratinocytes decreased migration in wound-scratch assays.
The effects, however, were relatively unimportant, which
may be due to the fact that Plet-1 was not completely absent.
As the reduced expression of Plet-1 also caused a slight
decrease in the initial binding of MK-K3 cells to collagens I
and IV, Plet-1 might promote migration by preventing cells
from binding too strongly to the substrate.
The Plet-1 protein is predicted to have a molecular weight
of 23.2 kDa based on its cDNA sequence, but it migrates on
SDS-PAGE as a smear that extends from 50 to 75 kDa. This
behavior is typical for proteins that are extensively modified
by N-, and/or O-linked glycosylation. We established that
Plet-1 carries N-linked oligosaccharides, but could not
confirm the presence of O-linked sugars. No shift in mobility
was observed after treatment of the protein with Sialidase
A and endo-O-glycosidase; however, not all O-linked
oligosaccharides are sensitive to this treatment. Examples of
these are the sulfated glycosaminoglycans (GAGs) of proteo-
glycans, which are linked to a serine residue in the core
protein through a xyloside residue. Usually, there is a glycine
after the substituted serine residue. One such Ser-Gly
dipeptide sequence is present in Plet-1, and might serve as
a recognition site for GAG attachment. Threonine, which is
another potential O-linked glycosylation site, is present at
many sites in repeat regions of the Plet-1 protein. However,
whether these threonines are O-glycosylated is not
known and needs to be further investigated. Furthermore,
defining the function of Plet-1 using a conditional targeting
approach in mice might challenge the apparent dualistic
role of this molecule in thymic epithelial progenitor cells
versus differentiating cells of either the mammary gland or
the HF.
In conclusion, depending on their location along the HF,
ORS cells are either in an undifferentiated multipotent stage
or commit to trichilemmal or squamous differentiation. The
microenvironmental factors that determine the degree of
differentiation of ORS and CL cells are still largely unknown.
In addition to aiding in the purification of thymic epithelial
progenitor cells (Bennett et al., 2002; Gill et al., 2002),
luminal mammary cells (Smalley et al., 1998, 2007), or
epithelial cells of the major duct of the pancreas (Depreter
et al., 2008), we propose that Plet-1 represents an interesting
marker to define and follow the trichilemmal differentiation
of the UI region of the HF.
MATERIALS AND METHODS
Cell lines, antibodies, and plasmids
NIH3T3, MEF, COS-7, Rac-11P (Sonnenberg et al., 1993), mTIC
(Raymond et al., 2007), and the mouse endothelial Endo (KR,
unpublished results) cell lines were grown in DMEM supplemented
with 10% (v/v) fetal calf serum, 100 U ml1 penicillin, and
100 U ml1 streptomycin (P/S). NMK-1 and MK-K3 keratinocytes
have been described previously (Raymond et al., 2005; Margadant
et al., 2009) and were maintained in keratinocyte serum-free
medium (Life Technologies-BRL, Rockville, MD) supplemented
with 50 mg ml1 bovine pituitary extract, 5 ng ml1 epidermal growth
factor, and P/S. Cells were grown at 37 1C in a humidified, 5% CO2
atmosphere. For differentiation assays of MK-K3 cells, keratinocyte
serum-free medium was replaced by DMEM supplemented with
10% (v/v) fetal calf serum, P/S for 72 hours. MK-K3 cells were
incubated for 1 hour at 37 1C with 0.1 U ml1 PLC from Bacillus
cereus (P8804; Sigma-Aldrich, St Louis, MO). Treatments of the cells
with deglycosylation agents were performed using the Enzymatic
Protein Deglycosylation Kit, according to the instructions of the
manufacturer (Sigma). COS-7 cells were transiently transfected using
a DEAE-dextran method (Seed and Arufo, 1987). The mouse Plet-1
cDNA was cloned in pCAGIP (Depreter et al., 2008) and used to
generate HA-Plet-1 cDNA, cloned into pcDNA3 (Invitrogen,
Carlsbad, CA). SureSilencing shRNA plasmids with a puromycin
resistance gene, targeting mouse Plet-1, were purchased from SA
Biosciences (Frederick, MD) and introduced into MK-K3 cells by
electroporation using the Cell Line Optimization Nucleofector kit
from Amaxa Biosystems (Gaithersburg, MD). After selection of stable
transfectants using puromycin, cells with a reduced level of Plet-1
were enriched by flow cytometry using mAb 33A10. One of the four
SureSilencing shRNA plasmids (clone ID 1; insert sequence
ACAGCAGTGTCTACTATAACT) efficiently produced a knockdown
of Plet-1 (±60%). The rat mAbs 33A10 and GoH3 (against the a6
integrin subunit) were generated using mouse mammary tumor cells
as the immunogen, as described previously by Sonnenberg et al.
(1986). The rat mAbs against b1 (MB1.2) and a5 (BMA5) were kindly
provided by Dr Chan (Robarts Research Institute, London, Canada),
and the rat mAb MTS24 was a gift from Dr Blackburn (University of
Edinburgh Medical School, Edinburgh, UK), whereas the rat mAb
RMV-7 against av was from BD Pharmingen (San Diego, CA). The
hamster mAbs Ha31/8 against a1, HMa2 against a2, H9.2B8 against
av, HMb1-1 against b1, and 2C9.G2 against b3 were purchased
from BD Pharmingen. Rabbit polyclonal antibodies against nidogen
and a6A were kindly provided by Dr Sasaki (Shriners Hospital for
Children Research Center, Portland, OR) and Dr Mayer (University
of East Anglia, Norwich, UK), and those against HA were purchased
from Covance Research Products (Emeryville, CA). Other antibodies
used were against keratins: mouse mAb against K15 (clone LHK15;
Novus Biologicals, Littleton, UK) and K14 (clone RCK107; Progen,
Heidelberg; Germany), rabbit polyclonal antibodies against K17
(kindly provided by P. Coulombe, Johns Hopkins University School
1510 Journal of Investigative Dermatology (2010), Volume 130
K Raymond et al.
Plet-1 in Mouse Hair Follicles
of Medicine, Baltimore, MD; McGowan and Coulombe, 1998), K5
and K10 (PRB-160P and PRB-159P from BAbCO, Berkeley, CA), and
guinea pig (gp) polyclonal antibodies against K10 (gp 10.1), K14 (gp
14.2), K71 (gpK6irs1), K25 (gp K25irs1), K26 (gpK25irs2), K27
(gpK25irs3), K28 (gpK25irs4), and K75 (gp K6hfprot.1, all by LL,
available from Progen; see also Langbein et al., 2004) as well as
against cingulin (gp cing.1; Progen). Horseradish peroxidase (HRP)-
conjugated streptavidin and secondary antibodies were from GE
Healthcare (Buckinghamshire, UK).
Mice
All animal husbandry and experimental procedures were conducted
with approval from relevant institutional animal ethics committees.
Mice with normal HF development (C57BL/6 mice) were used for
the analyses of the pattern of 33A10 staining in the skin.
Flow cytometry analysis
Flow cytometry analysis of cell lines was performed as previously
described (Sterk et al., 2000) with either the FACScan (Becton
Dickinson) or the FACSCalibur (BD Biosciences).
Immunofluorescence microscopy
Whole mounts of mouse-tail epidermis were prepared as described
(Braun et al., 2003) with minor modifications. Fixation was
performed in 1% formaldehyde for 10 minutes and samples were
blocked for 20 minutes in 5% normal goat serum (sc-2043; Santa
Cruz). Cryosections of snout and back skin and cells grown on glass
coverslips were prepared, fixed, and blocked essentially as
previously described (Langbein et al., 2004; Raymond et al.,
2005). Samples were examined using a confocal microscope
TCS-NT (Leica, Mannheim, Germany) or LSM 510 Meta (Zeiss,
Oberkochen, Germany). In parallel fluorescence and differential
interference contrast images were made in an overlay. To stain the
nuclei, we used TOPRO-3 (Molecular Probes, Eugene, OR) or DAPI.
For whole-mount samples, approximately 35 optical sections (total
thickness of 40–60 mm) of each epidermal sheet were captured with a
typical increment of 1.5 mm. F-actin was visualized with Alexa Fluor
568-conjugated phalloidin (Molecular Probes).
Cell-surface proteins biotinylation, immunoprecipitation, and
immunoblotting
For biotinylation of surface proteins, cells were grown to confluency
and incubated during 30 minutes with 0.5 mg ml1 Sulfo-NHS-Biotin
(Pierce, Rockford, IL) at room temperature. The cells were
subsequently washed three times with phosphate-buffered saline
(PBS) containing 100 mM glycine to quench and remove excess
biotin reagent. Lysates were prepared using RIPA buffer (1% Nonidet
P-40, 0.5% Na deoxycholate, 0.1% SDS, 20 mM Tris-HCl (pH 7.5),
100 mM NaCl, 4 mM EDTA), containing a cocktail of protease inhibitors
(Sigma-Aldrich), and cleared by centrifugation at 10,000 g at 4 1C for
60 minutes. For immunoprecipitation assays, protein lysates were
preabsorbed with GammaBind Plus Sepharose beads GE Healthcare
Bio-Sciences AB (Uppsala, Sweden) for 1 hour at 4 1C on a vertical
rotator, and incubated for 1 hour with 4mg of primary antibody and for
2 hours with GammaBind Plus Sepharose beads. In some experiments,
purified 33A10 antibodies coupled to CnBr-activated Sepharose (GE
Healthcare Bio-Sciences AB) were used. The beads were then washed
three times with RIPA buffer and twice with PBS, resuspended in
reducing or nonreducing sample buffer for electrophoresis, and boiled
for 5 minutes. The supernatants were run on a NuPAGE Novex 4–12%
Bis-Tris gel (Invitrogen). After electrophoresis, proteins were transferred
to Immobilon-P Transfer Membranes (Millipore, Billerica, MA).
Membranes were first incubated with 5% BSA in TBST (10 mM Tris
(pH 8), 150 mM NaCl, 0.1% Tween 20) for 1 hour at room temperature
to block nonspecific binding sites, and then with primary antibodies in
TBST, overnight at 4 1C. Secondary antibodies coupled to HRP were
purchased from Amersham Life Science. Detection was performed by
chemiluminescence (ECL Western Blotting Detection System; GE
Healthcare, Buckinghamshire, UK).
Adhesion assays
Microtiter plates were coated with collagen I (Inamed Biomaterials,
Fremont, CA), the trimeric cyanogen bromide-derived fragment CB3
from collagen IV (kindly provided by Dr K. Kuhn, Max-Planck
Institute, Martinsried, Germany; Vandenberg et al., 1991), fibronec-
tin (Sigma), or laminin-111 (Invitrogen) in a concentration range
from 0.1 to 20mg ml1 for 12–16 hours at 4 1C. The wells were then
washed twice with PBS and incubated with 150 ml of 1% BSA in PBS
for 60 minutes to block the remaining binding sites. Cells from
subconfluent cultures were detached by trypsinization and sus-
pended in 10 ml DMEM, containing 10% (v/v) fetal calf serum. After
centrifugation, the cells were washed twice with PBS and
resuspended in DMEM containing 1% BSA at a concentration of
1 106 cells per ml. Aliquots of 100ml of cell suspension were
added to individual substrate-coated wells and incubated for
30 minutes at 37 1C. Nonadherent cells were removed by inverting
the microtiter plate onto tissue paper and by adsorption of the
medium. After washing the plates five times with PBS, the adherent
cells were fixed in 4% paraformaldehyde for 60 minutes, before they
were incubated for 10 minutes with crystal violet (2 mg ml1 in 2%
ethanol). The plates were then washed six times with H2O and the
stained cells were lysed in 2% SDS. Absorbance was measured at
595 nm on a microplate reader. Background values (binding to BSA)
were subtracted from all other values.
In vivo wound-healing and wound-scratch assays
In vivo wound-healing experiments and in vitro wound-scratch assays
were performed as previously described (Margadant et al., 2009).
Briefly, cells were grown to confluency in 24-well plates, coated with
10mg ml1 collagen-1, and a single linear wound was inflicted on the
monolayer using a sterile 20ml pipette tip grown. Cell migration was
observed at three positions along the scratch by live cell imaging.
Images were acquired every 5 minutes for 20 hours using an AxioCam
MRm Rev.2 camera fitted to a Zeiss Axiovert 200 M inverted
microscope. Wound closure was defined as the area closed per
second. Three independent experiments have been performed with
similar results. The values shown represent the means±SEM of one
representative experiment performed in octuplicate. Images were
analyzed using ImageJ (developed at the National Institutes of Health)
and the mean cell migration rates at t¼ 20 hours were compared
between the two cell lines using the Mann–Whitney U-test.
Electron microscopy
The MK-K3 cells were grown to confluence on Thermanox Plastic
coverslips (Nunc, Rochester, NY) and incubated at 4 1C successively
with the mAb 33A10, rabbit anti-rat IgG absorbed with mouse IgG
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(Sonnenberg et al., 1986), and 10-nm protein A-conjugated colloidal
gold (University Medical Center Utrecht, the Netherlands). The
samples were then fixed in 2.5% glutaraldehyde in 0.1 M sodium
cacodylate buffer (pH 7.2), post-fixed in 1% OsO4 in the same
buffer, and flat embedded. The samples were examined with an FEI
Tecnai 12G2 electron microscope (FEI, Eindhoven, the Netherlands).
Pieces of skin were fixed for 3 days in 1% formaldehyde in 0.1 M
PHEM buffer (60 mM PIPES, 25 mM HEPES, 2 mM MgCl2, 10 mM EGTA
(pH 6.9)) and then processed for ultrathin cryosectioning as
previously described (Calafat et al., 1997). Briefly, 50-nm cryosec-
tions were cut at 115 1C using diamond knives in a Cryo-
Ultramicrotome (Leica, Vienna, Austria) and transferred with a
mixture of sucrose and methylcellulose onto formvar-coated copper
grids. The grids were placed on 35-mm Petri dishes containing 2%
gelatin. Frozen ultrathin sections were incubated at room tempera-
ture with rat mAb 33A10 (dilution 1:50) followed by a rabbit anti-rat
bridging antibody that was absorbed on a mouse IgG column, and
then incubated with 10-nm protein A-conjugated colloidal gold. For
double labeling, the sections were fixed for 10 minutes with 1%
glutaraldehyde and subsequently incubated with a polyclonal
antibody against human recombinant K75 (dilution 1:5.000) and
15-nm protein-A-conjugated colloidal gold. After incubating the
sections with the first antibody and protein A-conjugated colloidal
gold, the sections were embedded in a mixture of methylcellulose
and uranyl acetate and examined with a Philips CM10 electron
microscope (FEI Company).
Microarray analysis
Cells were washed with ice-cold phosphate-buffered saline, before
incubation with TRIzol reagent (Invitrogen-Life Technologies, Carlsbad,
CA; catalog no. 15596-026). After spinning and phase separation, the
upper water phase was treated with isopropanol to precipitate the RNA.
This precipitate was washed with 70% ethanol and dissolved in RNAse-
free water. Total RNA was purified using the Qiagen RNAse-Free
DNAse kit (Hilden, Germany, catalog no. 79254) together with the
Qiagen RNeasy mini kit (catalog no. 74104). RNA concentration and
purity were measured on a NanoDrop ND-1000 spectrophotometer
(Isogen Life Science, De Meern, The Netherlands), whereas RNA
integrity was determined by agarose gel electrophoresis. T7 RNA
amplification was carried out according to the manufacturer’s protocol
(Ambion Illumina TotalPrep RNA Amplification kit, catalog
no. AMIL1791) using 350 ng total RNA as starting material>. Per
sample, 1.6mg of biotinylated amplified RNA was used to hybridize to
MouseWG-6 v2 Expression BeadChips (Illumina, Inc., San Diego, CA;
catalog no. BD-201-0602), washed and stained with steptavidin-Cy3,
and scanned using a BeadArray scanner. Absolute expression levels
were average normalized and analyzed using BeadStudio version 3.2
software from Illumina.
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